Total sleep deprivation (TSD) is increasingly common in modern society bringing various neurobehavioural effects. Dynamic changes of behaviour performances during TSD have been reported extensively, while the cerebral activation underlying such changes have not been elucidated clearly. This study aimed to investigate dynamic changes in cerebral responses to the fastest and slowest psychomotor vigilance task (PVT) trials during TSD. Thirty-six healthy subjects with intermediate chronotype performed the PVT while undergoing functional magnetic resonance imaging every 2 h from 22:00 hours on the first day to 06:00 hours on the second day (i.e. 22:00, 12:00, 02:00, 04:00 and 06:00 hours; a total of five imaging sessions). Behaviourally, significant time effects were found for the PVT performance. For imaging results, significant activation alterations were found in the cognitive control network and the default mode network (DMN) for the fastest and slowest PVT trials, respectively. Time-course analysis indicated that the largest differences for behavioural results and imaging results happened in session 4 and became more prominent in session 5. Our findings provide more detailed information about the process of sustained attention activation during one night of TSD and add information regarding the effect of circadian rhythmicity and homeostatic sleep pressure on regional brain responses.
Total sleep deprivation (TSD) is increasingly common in modern society bringing various neurobehavioural effects. Dynamic changes of behaviour performances during TSD have been reported extensively, while the cerebral activation underlying such changes have not been elucidated clearly. This study aimed to investigate dynamic changes in cerebral responses to the fastest and slowest psychomotor vigilance task (PVT) trials during TSD. Thirty-six healthy subjects with intermediate chronotype performed the PVT while undergoing functional magnetic resonance imaging every 2 h from 22:00 hours on the first day to 06:00 hours on the second day (i.e. 22:00, 12:00, 02:00, 04:00 and 06:00 hours; a total of five imaging sessions). Behaviourally, significant time effects were found for the PVT performance. For imaging results, significant activation alterations were found in the cognitive control network and the default mode network (DMN) for the fastest and slowest PVT trials, respectively. Time-course analysis indicated that the largest differences for behavioural results and imaging results happened in session 4 and became more prominent in session 5. Our findings provide more detailed information about the process of sustained attention activation during one night of TSD and add information regarding the effect of circadian rhythmicity and homeostatic sleep pressure on regional brain responses.
IN TROD UCTI ON
A single night of total sleep deprivation (TSD) can lead to deterioration of multiple aspects of cognition and is associated with disastrous outcomes (Basner et al., 2013; Lim and Dinges, 2010) . In an attempt to understand the neural underpinnings of TSD-related impairment within a specific cognitive domain, most imaging studies of TSD typically conduct two imaging sessions in each subject. One session is performed after rested wakefulness and the other after TSD. By comparing the differences in neural activation between these two sessions, researchers have proposed many explanations, expanding our understanding of the neurocognitive consequences of TSD (Durmer and Dinges, 2005; Goel et al., 2009) . However, the observed alterations in neural activation after TSD describe the modulated cerebral responses, rather than the process of modulation. A clearer and more complete understanding of neural changes associated with the process of TSD can be obtained by increasing observation sessions during TSD. This strategy has been used in studying cognitive function recovery from stroke and structural brain changes during normal ageing (Saur et al., 2006; Shaw et al., 2016) . Recently, Muto et al. (2016) used 13 functional magnetic resonance imaging (fMRI) sessions during 42 h of TSD and investigated the interaction effect of circadian rhythmicity and sleep debt on brain responses. Their study validated the feasibility and objectivity of repeated measurements of brain activity during TSD. They emphasized the necessity to assess dynamic changes in brain responsiveness during the process of TSD.
Attention is among one of the most severely affected cognitive domains after TSD (Ma et al., 2015) . One of the leading tasks probing sustained attention is the psychomotor vigilance task (PVT) (Luquecasado et al., 2016a,b) . The fastest reaction times (RTs) (RTs <10th percentile) in the PVT reflect the optimal alertness level. The slowest RTs of PVT (>90th percentile of overall RTs) lengthen dramatically after TSD, reflecting reduced levels of attention and alertness (Lim and Dinges, 2008) . Previous studies have indicated that the fastest responses after TSD, and after normal sleep elicited comparable activation in the frontoparietal attention network and motor network, while the slowest RTs were associated with increased covariation within default mode network (DMN) after TSD, which suggested reduced efficiency of task disengagement of the DMN when sleepiness was severely compromised (Drummond et al., 2005) . However, how the cerebral responses to fastest RTs and slowest RTs were changed during TSD have not been elucidated clearly.
In the present study, we used repeated fMRI to investigate the dynamic changes in cerebral responses to the fastest and slowest RTs in a PVT during a whole night of TSD. As the dynamic characteristics of cerebral response to TSD might be influenced by the individual differences in chronotype, which refers to individual preference in sleep and wakefulness, only subjects with intermediate chronotype were recruited into our study (Roenneberg et al., 2003) . We postulated that, by scanning subjects repeatedly and evenly during TSD, we would be able to identify the dynamic changes in neural responses to a PVT. Specifically, we hypothesized that there are (i) significant differences in PVT activation across the different sessions, both for fastest RTs and slowest RTs; and (ii) cerebral responses for fastest RTs and slowest RTs would show a differential course of activation over time.
METHODS

Participants
All research procedures were approved by the Ethics Committee of Xijing Hospital, Fourth Military Medical University and were carried out in accordance with the Declaration of Helsinki. All participants provided written informed consent prior to participation and were recruited from a group of college students. The basic recruitment criteria were similar to those that were used in our previous study (Zhu et al., 2015; Xu et al. (2016) ). The inclusion criteria were as follows: (i) 18-35 years of age and (ii) right-handed. The exclusion criteria were as follows: (i) a history of alcohol or drug abuse, (ii) a present or past history of any psychiatric or neurological disorders, (iii) a history of sleep disorders and (iv) work that required shift hours. Then, participants were instructed to complete the Munich Chronotype Questionnaire (MCTQ) to determine their individual chronotype out of seven potential types: extreme early, moderate early, light early, intermediate, light late, moderate late, extreme late. The validity of MCTQ as a tool for chronotype classification has been verified by previous studies and is freely available at http:// www.thewep.org/chronotype-study. We used the revised Chinese version of the MCTQ to classify the subjects (Chen et al., 2015) . Hereby, chronotype was estimated as the midsleep time on free days [MSF = (sleep onset on free day + (sleep duration on free day)/2)], corrected for sleep debt on work days [MSF SC = MSF À (sleep duration on free day-sleep duration on a working day)/2].
A total of 220 participants were screened for inclusion and exclusion criteria. Forty-five participants could not be included into the study as they did not meet the basic inclusion criteria, e.g. left-handed, history of sleep disorders or alcohol-related problems; 139 participants were excluded as they were not classified as intermediate chronotype. Hence, the final sample comprised 36 participants. Each person was provided with a wrist actiwatch (Actiwatch; Philips Respironics, Monroeville, PA, USA) to monitor their sleep pattern (i.e. bedtime, clock time falling asleep, clock time waking up, clock time getting up) 1 week before the fMRI experiment.
Study procedure
Participants made two visits to the laboratory. During the first visit, they were briefed about the study protocol and were provided with an actiwatch. One week later, the participants came to the laboratory for the whole night of TSD. They were required to report to the laboratory no later than 18:00 hours on the test night, after staying awake the whole day. Structural MRI scans (high-resolution T1 image) were performed first for each participant. All the participants were required to perform a PVT five times to exclude potential task practice effects. The PVT that was used in this study was similar to a task that was used in a previous imaging study (Drummond et al., 2005) . Consistent with previous studies (Balkin et al., 2004) ; this task showed no training effects (mean RT, F 4,140 = 1.2, P > 0.2). Every 2 h from 22:00 hours on the first day to 06:00 hours on the second day (session 1, 22:00 hours; session 2, 12:00 hours; session 3, 02:00 hours; session 4, 04:00 hours; session 5, 06:00 hours); participants then completed 10 min of the PVT in an MR scanner. Immediately after each scan, the participants were also instructed to fulfil the Stanford Sleepiness Scale (SSS) by choosing one of seven statements that best described their current state of alertness (Hoddes et al., 1973) . For the remaining time they were allowed to engage in non-strenuous activities, such as reading and watching videos. Research assistants remained with sleep-deprived volunteers throughout the night to prevent them from falling asleep.
Core body temperature (CBT) is a reliable marker of endogenous circadian rhythmicity, and minimum CBT occurred at approximately mid-point of sleep (Baehr et al., 2000) . Therefore, individual chronotype was verified by the time of minimum CBT. CBT was monitored continuously every 60 s from 18:00 hours on the first day to 08:00 hours on the second day using VitalSense (Mini Mitter; Philips Respironics, Bend Oregon, USA), a wireless integrated ª 2017 European Sleep Research Society physiological monitor (Darwent et al., 2011) . The VitalSense generates a valid index of the CBT and receives radio signals from the temperature-sensitive ingestible capsules, with a sensing range between 25 and 50°C. The time of minimum CBT was calculated using a previously described method by fitting a cosine function comprising fundamental oscillation and its first harmonic (Taillard et al., 2003) .
Data acquisition of MRI
The imaging data were collected using a 3-Tesla MRI system (EXCITE; General Electric, Milwaukee, WI, USA) at the Department of Radiology of Xijing Hospital, Fourth Military Medical University, Xi'an, China. A standard birdcage head coil was used, along with restraining foam pads, to minimize head motion and to diminish scanner noise. Functional images were obtained using a gradient-echo planar imaging (EPI) sequence with the following parameters: repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, field of view (FOV) = 240 mm 9 240 mm, data matrix = 64 9 64, flip angle = 90°and slices = 36. High-resolution, T1-weighted, three-dimensional (3D) anatomical data were also acquired using a 3D magnetization-prepared rapid gradient-echo sequence with the following parameters: TR = 8.2 ms, TE = 3.18 ms, FOV = 256 mm 9 256 mm, data matrix = 256 9 256, flip angle = 9°, thickness = 1 mm and slices with no gap = 196.
Data analysis of MRI
Preprocessing and statistical analyses at both individual and group levels were performed using the Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, University College London, London, UK; http:// www.fil.ion.ucl.ac.uk/spm), implemented in MATLAB. The first five volumes were discarded to eliminate the non-equilibrium effects of magnetization. The remaining images were corrected for the acquisition delay between slices and then realigned to the first volume. Individual T1-weighted images were co-registered to the mean of the realigned functional EPI images. The Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) tool was used to compute the transformation from individual space to Montreal Neurological Institute (MNI) space (Ashburner, 2007) . The fMRI images were normalized at a resolution of 3 9 3 9 3 mm 3 using the same transformation information as the T1 images. These images were then smoothed with an 8-mm full-width at half-maximum isotropic Gaussian kernel.
A mixed-effects model was implemented using a two-stage process (first and second level). For each participant, responses to fast and slow events were modelled separately as delta (stick) functions, convolved with the haemodynamic response function and analysed in a general linear model. In this manner, we were able to identify brain regions that were significantly more active or inactive during the fastest (or slowest) RTs relative to the level of activity in the same region during a typical RT. A constant vector and six head motion parameters that were obtained during realignment were also included in the design matrix. The functional data were filtered temporally using an autoregressive (AR-1) model and a high-pass filter with a 128-s cutoff. Parameter estimates that were obtained for each predictor (fastest or slowest RTs) of each subject were then entered into a second-level model using the Sandwich Estimator method (SwE) to account for the within-subject correlation existing in our longitudinal data (Guillaume et al., 2014) . First, for each imaging session, onesample t contrast was specified in the SwE contrast manager to examine the overall PVT activation patterns, both for fastest and slowest RTs. Secondly, F contrast was specified in the SwE contrast manager to examine whether there were significant differences in PVT activation patterns across sessions, both for fastest RTs and slowest RTs. Post-hoc t comparison images between sessions were also calculated in the SwE contrast manager. Finally, the mean parameter estimates in brain regions, which showed significant differences across the five sessions, were computed (by extracting the data from the respective contrast images of each subject) and plotted to quantify the time course of PVT activation.
Statistical analysis
For outcomes of the PVT, one-way multivariate analysis of variance (MANOVA) with the factor session (five levels), including the four dependent variables (mean RT, number of lapses, mean of the fastest RT, mean of the slowest reciprocal RT), was used to investigate whether the factor session was significant for all four PVT outcomes. The Bonferroni-Holm procedure was applied for multiple paired t-tests between sessions (Holm, 1979) . Multiple comparison problems in fMRI data analysis were dealt with using the false discovery rate (FDR) control method (Guillaume et al., 2014) . For PVT activation at different sessions, we adopted a stringent significance threshold value and reported regions that showed significant effects at pFDR <0.01, which was corrected for multiple comparisons across the whole brain. For F comparisons across different sessions, and for posthoc t comparisons between sessions, the statistical threshold was conducted at a threshold of pFDR <0.05. This was corrected for multiple comparisons across the whole brain.
RESUL TS
Thirty-six participants completed this study successfully. All participants declared that they had not smoked or consumed any stimulants, medications, alcohol or caffeine for at least 24 h prior to scanning. General characteristics are shown in Table 1 . Core body temperature rhythms are plotted in Fig. 1a . The mean MSF SC obtained from MCTQ was 04:27; the time of CBT minimum was found to be 04:14; and significant positive correlations were found between MSF SC and the time of CBT minimum (Fig. 1b) .
Behaviour results
One-way MANOVA showed a significant time effect for mean RT (F 4,175 = 14.72, P < 0.001), the number of lapses (F 4,175 = 19.24, P < 0.001), mean of the fastest RT (F 4,175 = 10.78, P < 0.001) and mean of the slowest One-way multivariate analysis of variance showed a main effect of session for mean RT, the number of lapses, mean of the fastest RT and mean of the slowest 1/RT. Post-hoc t-tests were also performed to test for changes between sessions. *Significant difference between the labelled session and session 1 (e.g. session 4 labelled by an asterisk in (a) indicates a significant difference in mean RT of a PVT between sessions 4 and 1). +Significant difference between the labelled session and session 2;^significant difference between the labelled session and session 3; ○ significant difference between the labelled session and session 4; □ significant difference between the labelled session and session 5. MSG, mid-sleep time on free days; PVT, psychomotor vigilance task; RT, reaction time.
ª 2017 European Sleep Research Society reciprocal RT (F 4,175 = 14.29, P < 0.001). For the fastest RTs, post-hoc analyses indicated significant differences in pairwise comparisons as follows: session 1 versus session 4, session 1 versus session 5, session 2 versus session 4, session 2 versus session 5, session 3 versus session 4 and session 3 versus session 5. For the slowest 1/RT, post-hoc analyses showed that there were significant differences in pairwise comparisons as follows: session 1 versus session 5, session 2 versus session 5, session 3 versus session 5 and session 4 versus session 5. The same post-hoc analyses were also performed for other outcomes of the PVT and all the results are shown in Fig. 1c-f . The rising slope of RT (or lapse) was very slow during the first three sessions, but increased dramatically in the last two sessions.
Imaging results
Fastest PVT activation and slowest PVT activation in different sessions
One-sample results for the fastest RTs in different sessions are shown in Figs 2 and S1. Statistical maps were projected onto the flattened population average landmark and surfacebased atlas in CARET software (Van Essen, 2005) . The activation pattern in session 1 (22:00 hours) was similar to the patterns observed after rested wakefulness in a previous study (Drummond et al., 2005) . The fastest RTs in sessions 1, 2 and 3 elicited extensive activation in brain regions of the frontoparietal network, attention network, visual network and Figure 2 . One-sample imaging results for the fastest reaction times (RTs) in different sessions. One-sample t contrast was specified using the Sandwich Estimator method (SwE) contrast manager. The threshold was set at false discovery rate (pFDR) <0.01 corrected for multiple comparisons. Statistical maps were projected onto the flattened left hemisphere of the population average landmark-and surface-based atlas in CARET software. Anterior, posterior, medial and lateral directions are noted. Table 2 . Significant activation changes across sessions (ANOVA) were found in the bilateral middle frontal gyrus, right inferior frontal gyrus, right supplementary motor area, bilateral lingual gyri, left inferior occipital gyrus, bilateral fusiform gyri, left superior parietal gyrus, left inferior temporal gyrus and left paracentral lobule. Pairwise post-hoc comparisons showed significant differences between sessions 1 and 5, sessions 2 and 5, sessions 3 and 5, sessions 3 and 4 and especially between sessions 1 and 3 ( Table 2 ). The Figure 3 . One-sample imaging results for the slowest reaction times (RTs) in different sessions. One-sample t contrast was specified using the Sandwich Estimator method (SwE) contrast manager. The threshold was set at false discovery rate (pFDR) <0.01 corrected for multiple comparisons. Statistical maps were projected onto the flattened left hemisphere of the population average landmark-and surface-based atlas in CARET software. Anterior, posterior, medial and lateral directions are noted.
ª 2017 European Sleep Research Society significant difference observed between sessions 1 and 3 indicated that there was a distinct increase in cerebral activation for the fastest PVT RTs during the first half of the TSD night.
Results for slowest RTs are shown in Figs 5, S1 and Table 3 . Significant activation changes across sessions (ANOVA) were found in the bilateral superior frontal gyrus, bilateral medial frontal gyrus, bilateral supplementary motor area, bilateral anterior cingulate cortex, bilateral middle cingulate cortex, left precuneus, right parahippocampus, right inferior temporal gyrus, bilateral thalamus and right insula. Pairwise post-hoc comparisons showed significant differences between sessions 1 and 4, sessions 1 and 5, sessions 2 and 4 and sessions 2 and 5.
Time-course of fastest PVT activation and slowest PVT activation throughout sessions Activation in the above-mentioned areas showed a significant time effect, but the precise time-courses were unknown. To quantify the course of PVT activation (fastest and slowest) over time, the mean parameter estimate (obtained in firstlevel statistical analysis) of each activated area (Table 2) in each session was computed and plotted against the session Figure 4 . Analysis of variance (ANOVA) and post-hoc imaging results for the fastest reaction times (RTs). F contrast and post-hoc t contrast were specified in the Sandwich Estimator method (SwE) contrast manager. The threshold was set at false discovery rate (pFDR) <0.05 corrected for multiple comparisons. Statistical maps were projected onto the flattened left and right hemisphere of the population average landmark-and surface-based atlas in CARET software. L, left; R, right; S, session; PCL, paracentral lobule; SPL, superior parietal gyrus; MFG, middle frontal gyrus; IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; SMA, supplementary motor area; IFG, inferior frontal gyrus. . We used SPSS (Statistical Product and Service Solutions) and GLM (Generalized Linear Models) to examine whether there were slope differences between time-course curves connecting all five sessions (solid line in Fig. 6e-h ) and the time-course curve connecting only sessions 1 and 5 (dashed line in Fig. 6e-h ). Independent and dependent variables were session number and parameter estimates, respectively, curve group was added as covariate variable (1 for curve connecting all the five sessions, 2 for curve connecting only sessions 1 and 5). The slope difference between the two curves was determined through testing session number by curve group interactions. Significance was set at a threshold of P < 0.05, Bonferroni-corrected. Cerebral responses to the slowest PVT RTs were found to show an increased pattern, with the rising slope slow during the first three sessions, but increased dramatically in the last two sessions.
DISCUSSION
The present study extends the investigation of neural correlates of a PVT from obtaining only one fMRI measurement after TSD to obtaining five repeated fMRI measurements during TSD. PVT trials (fastest and slowest) elicited different overall activation patterns in the different sessions, which suggested dynamic properties of cerebral activation. Repeated ANOVA analysis showed significant activation differences in brain regions within the cognitive control network and DMN for the fastest and slowest PVT trials, respectively. The time-course of activation in these regions was homogeneous within each trial type, but heterogeneous between trial types. These results advance our understanding of the dynamic process of sustained attention activation during 1 night of TSD. Our findings also add information regarding the effect of circadian rhythmicity and homeostatic sleep pressure on regional brain responses. The fastest PVT reflects the optimum alertness level. Therefore, unsurprisingly, significant differences for the fastest activation were found mainly in high-order brain regions, which included frontal, parietal and visual cortices. If considering only sessions 1 and 5, the activation intensity of these regions was found to be decreased significantly (Figs 6 and S4) , which is consistent with previous TSD studies on attention (Ma et al., 2015) . The decreased activation intensity from sessions 1 to 5 is also consistent with Muto et al.'s findings (Muto et al., 2016) . They showed that the response pattern for intermediate PVT RTs in association cortices, such as frontal, parietal and visual regions, was affected severely by sleep debt. Significant differences for the slowest activation were found mainly in brain regions of the DMN. This finding is consistent with a previous study, which showed that slow PVT RTs were associated with greater activity in the DMN after TSD (Drummond et al., 2005) . The DMN is a network of brain regions that are often found to be more active during passive baseline tasks than during externally orientated tasks (Buckner et al., 2008; Greicius et al., 2003) . Greater activation (less deactivation) of the DMN has been reported extensively to result in poor behaviour, such as delayed attention and lapse (Bonnelle et al., 2011; Eichele et al., 2008; Weissman et al., 2006) . Therefore, differences found in these regions suggest significant changes in task disengagement of the DMN during 1 night of TSD. Recent studies have shown that 'local sleep' during wake may contribute to cognitive deficits after TSD Cirelli, 2003, 2014) . As suggested by the synaptic homeostasis hypothesis (Tononi and Cirelli, 2014) , learning and experience during waking periods require synaptic potentiation, while increased synaptic strength will decrease the signal-to-noise ratios and saturate the ability to learn. Long periods of sleep deprivation, therefore, might lead to functional dysfunction of the DMN networking and result in a delayed response in PVT. The largest differences for behavioural results and imaging results happened in session 4 and became more prominent in session 5. This finding is consistent with Lo et al. (2012) study investigating the differential effects of sleep deprivation on various cognitive domains. They found that the effects of sleep deprivation on sustained attention were much larger than on working memory; most importantly, they found the performance during TSD was not constant. Regardless of the cognitive domain chosen, the maximum effect of sleep deprivation was found at around DLMO (dim light melatonin onset) +4 h, which corresponded to clock time 04:00 and was similar to the scanning time of session 4 in our study. In addition, the scanning time of session 4 occurred at approximately around the mid-time of biological sleep. Therefore, we proposed that the mid-time point of regular biological sleep might be an inflection point during sleep deprivation, after which the behavioural performance and the underlying cerebral responses started to show prominent deterioration.
The activation pattern for the fastest RTs showed a biphasic curve, with an early increase and later decrease of Figure 5 . Analysis of variance (ANOVA) and post-hoc imaging results for the slowest reaction times (RTs). F contrast and post-hoc t contrast were specified in the Sandwich Estimator method (SwE) contrast manager. The threshold was set at false discovery rate (pFDR) <0.05 corrected for multiple comparisons. Statistical maps were projected onto the flattened left and right hemisphere of the population average landmark-and surface-based atlas in CARET software. L, left; R, right; S, session; ACC, anterior cingulate cortex; MCC, middle cingulate cortex; MFG, medial frontal gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; IFG, inferior frontal gyrus; ITG, inferior temporal gyrus; ParaH, parahippocampus.
ª 2017 European Sleep Research Society activation. We interpret this finding as a compensatory mechanism. The increased activation found in these highorder brain regions during the early night of TSD is consistent with previous studies. Drummond et al. (2001) found only modest behavioural impairment of divided attention, but increased activation, in the prefrontal and parietal cortex following TSD. Another study showed increased activation in the inferior frontal gyrus and parietal lobes in subjects with better performance after TSD (Drummond et al., 2000) . Those studies indicated that compensatory recruitment of cerebral resources emerged when performance after TSD was nearly equivalent to performance while well rested. In our study, although significant ANOVA differences were found for the fastest reaction time, no significant post-hoc differences were found in the first three sessions. Therefore, the low rise in slope of the fastest RT and increased cerebral activation in the first three sessions might suggest an adaptive compensatory mechanism of the brain. The cerebral responses to the slowest PVT RTs during TSD showed an increased pattern. No obvious differences were found between the time-course curve connecting all five sessions and the time-course curve connecting only sessions 1 and 5 (Fig. 6e-h) . The increased activation within DMN regions suggested a decreased efficiency in segregation of the DMN from task. Increased activation was also found in the thalamus in our study, which is consistent with previous TSD imaging studies (Chee and Chuah, 2008; Zhu et al., 2015) . These studies suggested a compensatory role of the thalamus for increasing the arousal level to counteract elevated sleep pressure after TSD (Chee and Chuah, 2008) . However, such a hypothesis becomes questionable, because Muto et al. (2016) found that the response pattern in the thalamus was correlated significantly with mean melatonin levels. They suggested that increased activation found in thalamus during TSD merely reflects a dependency response on the circadian phase. Consistent with Muto et al.'s study, our findings emphasize the importance of increasing observation sessions when investigating the effects of TSD on brain mechanisms.
Limitations and future directions
There are limitations to be discussed. First, we included only participants with intermediate chronotype. Hence, we cannot make inferences to participants with morning types and evening types. Secondly, although in keeping with similar TSD studies, our sample size was relatively small. This is due, in part, to the burdensome nature of conducting this type of research. Thirdly, we explored only five sessions in our study; further study should include more sessions to investigate the subsequent changes in behavioural performances, and especially in cerebral responses. Fourthly, we did not set a control condition in which participants did not accumulate sleep debt. The comparison between the sleep-deprived and non-sleepdeprived conditions could be a direct way to know the effect of sleep deprivation. Fifthly, we investigated the dynamic cerebral response to vigilance attention during TSD. Further studies are required to investigate more complex cognitive tasks that are affected differentially by circadian signal and sleep pressure.
CONC LUSION
We performed five repeated fMRI scans to investigate the dynamic changes in cerebral responses to the fastest and slowest RTs of a PVT during a whole night of TSD. A compensatory increased activation was observed for the fastest PVT RTs in the early night of TSD, followed by a rapid decreased activation in the late night of TSD. For the slowest PVT RTs, an increased activation was found in DMN regions, suggesting decreased segregation of the DMN from the task during a whole night of TSD. Our findings provided more detailed information about the process of sustained attention activation during 1 night of TSD, which was modulated by the interaction effect of circadian rhythmicity and homeostatic sleep pressure. JBS, XJY and ZYQ contributed to the interpretation of the results.
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SU PPORTI NG I NFOR MA TION
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 . Statistical imaging results for the fastest reaction times (RTs) and slowest RTs. The results for the slowest RTs. Results from top to bottom are one-sample results for session 1 in the left hemisphere, one-sample results for session 2 in the left hemisphere and ANOVA results across sessions in the left hemisphere. Statistical maps were projected onto the cortical surface of the population average landmark-and surfacebased atlas in CARET software. Figure S2 . Time-course of activation for the fastest reaction times (RTs). The mean parameter estimate for the predictor of the fastest RTs that were obtained in first-level statistical analysis of each activated area was plotted against the session number. MFG, middle frontal gyrus; ITG, inferior temporal gyrus; SPL, superior parietal gyrus; PCL, paracentral lobule; L, left; R, right. Figure S3 . Time-course of activation for the slowest reaction times (RTs). The mean parameter estimate for the predictor of the slowest RTs that were obtained in first-level statistical analysis of each activated area was plotted against the session number. SFG, superior frontal gyrus; IFG, inferior frontal gyrus; MFG, medial frontal gyrus; ACC, anterior cingulate cortex; MCC, middle cingulate cortex; ParaH, parahippocampus; L, left; R, right.
